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W ater availability at critical growth stages of crops is the major yield limiting factor in dryland crop production (Farahani et al., 1998; Allen, 2012) . Dryland agriculture is a special case of rainfed agriculture practiced in arid and semiarid regions. In these regions when irrigation is not used, water conservation becomes the primary focus of management decisions because growing season precipitation is seldom suffi cient to fully meet evapotranspiration demand. Conditions of moderate to severe plant water stress occur during a substantial part of the year and storage of water during fallow for use by a subsequent crop is oft en practiced (Nielsen et al., 2016) . Available soil water at planting and ISP are usually the only two sources of water for annual crops such as corn and grain sorghum grown in dryland systems. However, the singular contribution of ASWP for corn and grain sorghum yield was seldom studied.
Th e impact of water availability on grain yields of corn and grain sorghum has been studied in depth through yield relationships with ISP or diff erent irrigation levels Payero et al., 2006; Klocke et al., 2011; Assefa et al., 2014; ) and with crop water use (Nielsen and Vigil, 2017) . Th e infl uence of cropping system on ASWP and on subsequent grain yield has been reported for wheat (Triticum aestivum L.) (Nielsen et al., 2002; Nielsen and Vigil, 2005) and results from these studies indicated that wheat yields were correlated with ASWP. Th e results from Nielsen and Vigil (2005) also suggest that the relationship between ASWP and wheat yield varied year-to-year depending on evaporative demand and ISP. Studies in water-yield relationships of proso millet (Panicum miliaceum L.), pea (Pisum sativum L.), triticale (Tritico secale rimpaui Wittm.), foxtail millet (Setaria italic L. Beauv.), corn, grain sorghum, bean (Phaseolus vulgaris L.), and sunfl ower (Helianthus annuus L.) (Lyon et al., 1995; Felter et al., 2006; Nielsen et al., 2009) suggest that the eff ect of ASWP was greater for short duration crops (bean, proso millet) compared with long duration crops (corn, grain sorghum, sunfl ower).
Increase in ASWP due to changes in management practices was among the main factors that contributed to the greater portion of the 139% grain sorghum yield increase in the years 1939 to 1997 (Unger and Baumhardt, 1999 
Core Ideas
• Yield gains from available soil water at planting decreased as inseason precipitation increased.
• Corn yield gain 27 to 33 kg ha -1 (mm available soil water at planting) -1 at in-season precipitation of 196 to 215 mm.
• Corn yield gain 9 to 25 kg ha -1 (mm available soil water at planting) -1 as in-season precipitation increased to 288 to 354 mm.
• Sorghum yield gain 12 to 22 kg ha -1 (mm available soil water at planting) -1 at in-season precipitation of 163 to 281 mm.
• Sorghum yield gain 0 to 6 kg ha -1 (mm available soil water at planting) -1 at in-season precipitation of 315 to 382 mm.
through increased soil water at planting are rotation, no-till, mulching, and increased residue management. Differences in ASWP due to differences in crop rotation has been reported for wheat- (Nielsen et al., 2002) , corn-, and grain sorghumbased systems (Schlegel et al., 2017 (Schlegel et al., , 2016a , and those rotation systems with better ASWP were among the best yielding. Similarly, no-till systems increase ASWP compared with conventional tillage (Baumhardt et al., 2011; Benjamin, 1993; Jones and Popham, 1997; Fabrizzi et al., 2005) through increased precipitation storage efficiency (Farahani et al., 1998; that is the result of less soil disturbance and greater amounts of crop residue on the soil surface. The contribution of soil and crop management systems to yield through increased ASWP is confounded with other changes that come with management systems such as improvement in soil physical and chemical properties. Few attempts are made to single out the sole contribution of ASWP toward crop yield. reported a 22.1 kg ha -1 yield increase per millimeter increase in soil water at emergence for grain sorghum. Nielsen et al. (2009) reported 0 to 67.3 kg ha -1 corn yield increase per millimeter of ASW in the 0 to 1.8 m soil profile at planting with the very large range in yield response to ASWP attributed to the timing of precipitation during the growing season. However, both of these studies were based on data collected across plots in different crop rotation or tillage systems and the relationships obtained could possibly be confounded by other effects of tillage and rotation. The effect of pre-plant or dormant season irrigation on crop yield and water use of corn and grain sorghum has also been reported (Stone et al., 1987; Musick and Lamm, 1990; Stone et al., 1994 ). The conclusion from these studies pertain to either irrigated cropping systems or the effectiveness of pre-plant irrigation and not on the effect of amount of ASWP.
The present study was initiated with the objective of investigating the effect of different levels of ASW at ASWP on yield, water use, and water productivity of dryland corn and grain sorghum. Our hypothesis was that crop yield and water productivity would be positively affected by increased ASWP. (Flora, 1948) . Long-term daily weather data (>100 yr) including precipitation has been collected at both locations. The probability of total corn and sorghum growing season rainfall exceeding certain amounts is calculated using 40 yr of precipitation data for both locations.
MATERIALS AND METhODS
The study consisted of four soil water treatments imposed by applying irrigation amounts of 0 (control), 38, 76, and 114 mm prior to planting; and two crops; corn and grain sorghum. The experimental design was a randomized complete block design with three replications. Corn (Pioneer hybrid P0876) and grain sorghum (Pioneer hybrid 87P06) were planted in separate field sections to alleviate confounding and different micrometeorological effects caused by plant height and other crop management issues. The experimental plots were 18 m Colby  2012  0  10  20  72  20  20  70  34  19  20  1  13  216  163  299  2013  4  16  22  9  42  59  63  23  94  25  0  1  196  281  358  2014  8  5  3  17  67  133  49  88  45  12  1  28  354  382  456  Tribune  2012  1  8  22  64  10  23  21  20  27  24  0  14  138  101  233  2013  4  15  12  4  42  21  74  147  97  31  0  0  288  381  448  2014  16  12  5  17  13  145  68  64  25  50  5  21  307  315  442  Temperature  - wide and 18 m long at Tribune and 9 m wide and 24 m long at Colby. Irrigation was applied with a lateral-move sprinkler irrigation system at Tribune at an approximate application rate of 59 mm h -1 and with a temporary surface drip irrigation system (0.3 m emitter spacing and 0.76 m dripline spacing) at Colby with an application rate of 5.9 mm h -1 . Planting dates were from late April to early May for corn and from mid-May to early June for grain sorghum (Table 2) . Cultural practices (e.g., pesticides, hybrid selection, etc.) typical for the region were used in all years of the study. Seeding rate for corn was ~ 43,000 seeds ha -1 at both locations. Seeding rate for grain sorghum was ~ 100,000 seeds ha -1 at Tribune and 145,000 seeds ha -1 at Colby. Annually, both corn and grain sorghum were established in dryland no-till wheat stubble plots. At Tribune urea ammonium nitrate (UAN, 28% N) was applied at annual rates of 110 kg N ha -1 with a liquid fertilizer applicator that dribble banded the UAN on the surface in early spring. Starter fertilizer (ammonia polyphosphate, 10-34-0) was surface dribbled (5 cm from the row) at planting to supply about 8 kg N ha -1 and 12 kg P ha -1 . At Colby, liquid UAN (32% N) solution at annual rates of 110 kg N ha -1 was surface applied and ammonia polyphosphate (10-34-0) at annual rates of 8 kg N ha -1 and 12 kg P ha -1 was broadcast surface applied in early spring.
At Tribune, the center portion (14 m 2 ) of each plot was machine harvested and at Colby a center plot row length of 6 m was hand harvested for yield and yield component determination. Grain yields were adjusted to 155 and 125 g kg -1 water content for corn and grain sorghum, respectively. Plant and head (or ear) counts were made from the harvested area, seed mass was measured, and seeds per head (or ear) were calculated. Soil water was measured at planting and near harvest to a depth of 240 cm in 30-cm depth increments by neutron attenuation. There was a single neutron access tube in each plot in line with the row. Eight measurements were centered at depths of 15, 45, 75, 105, 135, 165, 195 , and 225 cm. The field-measured neutron attenuation values had been calibrated using gravimetric water contents converted to volumetric water contents through bulk density measurements. Available soil water at Tribune was calculated as field-measured soil water content minus labmeasured soil water content at -1.5 MPa matric potential and at Colby it was calculated as field-measured soil water content minus the soil water content at the long-term minimum point of exhaustion recorded at the research center throughout its long history, with all water contents on volumetric basis (Stone et al., 1976; Nielsen and Halvorson, 1991) . The minimum point of exhaustion is an older term which is somewhat analogous to the wilting point for plants. Available soil water in millimeters was converted from neutron attenuation water content (volumetric basis) by multiplying the latter by the soil depth increment. Crop water use was calculated as a summation of soil water depletion (ASW near planting less ASW near harvest) and ISP. Crop water productivity (WP) was calculated as grain yield (kg ha -1 ) divided by crop water use (mm).
Analysis of the effect of water applied at planting on ASWP was conducted using SAS (SAS Institute, 2012) using PROC MIXED procedure. To study the effect of treatments on soil water in each environment (year ´ location), the response variable soil water was modeled against fixed variables treatment, environment, and their interaction while block (replication) was a random variable. Since the interaction of treatment and environment was significant, mean separation test for treatment effect was conducted by environment. Similarly, analysis 0  166b †  189  148b  168b  350  113b  223  228b  198c  38  213ab  208  163ab  195b  336  134b  253  241b  218bc  76  243ab  263  200ab  235a  355  177ab  275  269ab  252ab  114  265a  243  218a  242a  367  263a  272  301a  271a  HSD ‡  94  ns §  2.5  38  ns  114  ns  2.2  48  Grain sorghum  0  182b  280  239b  234b  326  127  195c  216c  225b  38  207b  305  283b  265b  331  167  208bc  235bc  250b  76  287a  394  282b  321a  359  282  266a  302a  312a  114  291a  378  340a  337a  329  275  259ab  288ab  312a  HSD  64  ns  51  41  ns  ns  56  61 53 † Within a year, a crop and column, means that share the same letter are not significantly different (p = 0.05). ‡ HSD is minimum difference between two treatments used to declare they are significantly different using Tukey's Honest Significant Difference Test. § ns, not significant. of the effect of treatment on ASW at different soil depths at planting were analyzed for each crop using SAS.
The relationship between mean ASWP and mean yields obtained for different levels of applied water was also regressed for each crop by location. A linear regression analysis was also conducted for ASWP and yield by grouping environments with similar total ISP irrespective of location for each crop. A similar regression analysis was conducted for ASWP and water use and these regression analyses were conducted using PROC REG of SAS. Total ASWP was grouped in 50-mm increments, that is, 100 to 149, 150 to 199, 200 to 249, 250 to 299, 300 to 349, 350 to 399, 400 to 450; and mean WP and yield components for these groups were estimated and compared. Mean separation tests, when there were significant treatment, environment, or depth effects (P = 0.05), were conducted using Tukey's Honest Significant Difference (HSD) test.
Yield variation accounted by known factors such as environment, treatment, replication, interaction, and unknown (error) factors were estimated using PROC VARCOMP in SAS by modeling yield against the known factors. In the end, estimated mean yield of each environment was regressed against the total ISP or with sum of ASW at planting and ISP using PROC REG of SAS.
RESULTS AND DISCUSSION

Available Soil Water by Treatment and by Depth
Available soil water in the 2.4 m soil profile at planting differed due to water application treatments (Table 3 ). The tendency of total ASW to increase with increasing additional water from 0 to 114 mm (treatments) was detected at both locations, for both crops, and in all years, but treatment effects were not always statistically significant (Table 3) .
Available soil water at planting of corn and sorghum differed by depth and treatments at both locations ( Fig. 1 and 2) . At both locations and for both crops, there was no significant difference in ASWP between the 76 and 114 mm treatments at any depth. There were no significant differences between application treatments in ASW at harvest at both locations and for both crops (Fig. 1b, 1d; Fig. 2b, 2d ).
Available Soil Water at Planting with Yield and Yield Components
The relationships between corn yield and ASWP varied by environment and crop (Fig. 3) . On average corn yield increased at Colby by 37, 45, and 35 kg ha -1 per millimeter increase in ASWP for the years 2012, 2013, and 2014, respectively. Corn yield response at Tribune increased by 4, 13, and 14 kg ha -1 per millimeter increase of ASWP in 2012, 2013, and 2014, respectively. Grain sorghum yield response was also different for Colby and Tribune and varied among the experimental years. Grain sorghum yield response at Colby ranged from 3 kg ha -1 per millimeter in 2014 to 18 kg ha -1 per millimeter in 2013. Grain sorghum yield response to soil water at planting was not significant at Tribune, KS.
There were significant differences in corn kernels per ear at different levels of ASWP at Colby (Table 4 ). The number of kernels per ear was greateast for ASWP levels in the range 250 to 299 mm compared with <250 mm ASWP. There was no significant difference in ears per unit area, or kernel weight for corn at Colby. At Tribune, no significant differences were observed for the three yield components (kernels per ear, ears per unit area or kernel weight) across different levels of ASWP. There was no significant difference among different ranges of ASWP in any of the yield components of sorghum at Colby. At Tribune, there was no significant difference among most of the ASWP ranges in yield components but number of heads per area was greater for ASWP range 125 to 149 mm compared with >250 mm and number of seeds per head was greater for 150 to 349 mm ASWP compared with >350 mm ASWP (Table 4 ). These differences between sorghum yield components at higher ASWP and lower ASWP perhaps is connected more to ISP than ASWP. The highest ASWP at Tribune in 2012 happens to be followed by the lowest ISP that resulted in the lowest yield.
Available Soil Water at Planting Relation with Yield by In-Season Precipitation
The relationships between crop yield and ASWP by ISP amounts were analyzed. When total ISP (April through August) was 288 mm or greater, a weak positive relationship was obtained, that is, R 2 ≤ 0.39 and corn yield increased by 9 to 25 kg ha -1 for each additional millimeter of ASWP (Fig. 4a) . When total ISPwas greater than 190 mm but below 220, a stronger positive relationship was obtained, that is, R 2 ≥ 0.59 and corn yield increased by 27 to 33 kg ha -1 yr -1 for each additional millimeter of ASWP (Fig. 4b) .
The relationships between ASWP and grain sorghum yield differed with annual ISP, as with corn. When total ISP (May through September) was 315 mm or greater a positive increasing, but nonsignificant, relationship was obtained between grain sorghum yield and ASWP (Fig. 4c) . When ISP was greater than 160 mm but less than 282 mm, a stronger positive relationship was observed, that is, R 2 ≥ 0.52 and grain sorghum yield increased by 12 to 22 kg ha -1 yr -1 for each millimeter increase in ASWP (Fig. 4d) . The relationships between yield and total available water were very weak for both corn and grain sorghum when ISP was below 138 mm (Tribune 2012, relationship figure not presented).
Precipitation probability of exceedance for Colby and Tribune Kansas is presented in Fig. 5 . The probability of a precipitation amount that is greater than 300 mm for corn and grain sorghum growing seasons is below 50%. The precipitation amounts in 2012 to 2014 fall in the highest probability area except for a few cases. The high probability (>50%) of precipitation below 300 mm at Colby and Tribune suggests that these locations benefit from improved ASWP in most years. Overall, variation in the relationships between yield and ASWP was due to growing season conditions. In cases where the additional applied water created an appreciable difference and an overall spread in the ASWP (Colby 2012 , 2013 , 2014 and Tribune corn 2013 , there were significant yield responses. In cases where there was high ASWP (>200 mm for 2.4 m soil profile) and high or very low in-season rainfall conditions (Tribune 2014 and 2012), yield did not significantly respond to the narrow ASW differences at planting. The variability in yield response to ASWP in this study is consistent with findings of Nielsen et al. (2009) who reported increasing corn yield response to increasing ASWP as the amount of precipitation during the critical 15 July to 25 August period (just prior to silking and through the middle of grain filling) increased. ‡ HSD is minimum difference between two treatments used to declare they are significantly different using Tukey's Honest Significant Difference Test. § ns, not significant.
Available Soil Water Relation with
Water Use and Water Productivity Similar to grain yield, the relationships between water use and ASWP was affected by conditions during the growing season (Fig. 6 ). Corn water use was greater (350-450 mm) at Colby in 2014 and increased by 0.78 mm for each additional millimeter in ASWP compared with a range of 200 to 300 mm and 0.67 mm rate of increase at Colby in 2012 and 2013 (Fig. 6a) . Corn water use ranged from 300 to 500 mm at Tribune for the years 2012 and 2014 and increased at a rate of 0.51 mm for each millimeter increase in ASWP (Fig. 6c) . No relationship was detected between corn water use and ASWP at Tribune in 2013.
Similar to corn, water use of grain sorghum was affected by conditions during the growing season (Fig. 6b, 6d) . Grain sorghum water use ranged from 300 to 450 mm at Colby in 2014 and increased by 1.1 mm for each additional millimeter in ASWP. At Colby in 2012 and 2013, sorghum water use was less than in 2014, in the range between 200 and 300 mm, and increased at a rate of 0.47 mm for each millimeter increase in ASWP (Fig. 6b) . In Tribune, sorghum water use was in the range of 300 to 550 mm but did not show statistically significant changes with increase in ASWP, that is, 0.17 mm for each millimeter increase in ASWP for years 2012 and 2014 (Fig. 6d) .
The results above indicate that sorghum is less responsive to ASWP than corn and greater responses of yield to ASWP were seen at Colby compared with Tribune. Various other corn and sorghum studies also suggest that sorghum is less responsive to inputs or management such as fertilizer (Sindelar et al., 2016) , irrigation (Klocke et al., 2015) , and planting density (Lafarge et al., 2002; Assefa et al., 2016) . Colby and Tribune are about 150 km apart and there are differences in soil type, precipitation (Table 1) , length of growing season (Table 2) , and elevation along with ASWP (Table 3) which could contribute to the difference in yield response by location.
Similar to water use, water productivity varied by crop, location, and ASWP (Table 4) . Averaged across years and locations, corn water productivity tended to increase with ASWP from 16 to 23 kg ha -1 mm -1 when ASWP increased from 125 to 200 to a range of 250 to 299 mm. Conversely, sorghum water productivity did not differ by treatments when averaged across locations, years, and ASWP.
For yields >8 Mg ha -1 , corn requires about 600 mm of water use and sorghum requires about 500 mm of water use during the growing season Lamm et al., 2009; Tolk and Howell, 2008) . Expected yield increase values with optimal conditions for corn and sorghum are about 41 and 30 kg ha -1 for a millimeter water increase above the minimum water requirement for yield intiation Nielsen and Vigil, 2017) . The total water use and water productivity values in our study reflected dryland conditions which were less than ideal (Table 4) .
Yield as a Function of Available Soil Water at Planting and In-Season Precipitation
Both corn and grain sorghum yields varied by environment (location and year, Fig. 7) . About 60 to 66% of the total variance for corn and grain sorghum yield was explained by the environment variation. Since environment explained the majority of the variation, we compared yields of each crop at each environment Total precipitation during the growing season (April through August for corn and May through September for grain sorghum) was regressed over mean yield at each environment. Precipitation during the growing season explained 87% of the variation for corn and 78% of variation among grain sorghum mean yields (Fig. 8a) . Three of the low corn yielding environments; Tribune 2012, Colby 2013, and Colby 2012, received less than 316 mm of precipitation between April through August. Similarly, three of the low grain sorghum yielding environments; Colby 2012, Tribune 2013, and Tribune 2012, received less than 382 mm of precipitation between May through September.
We further examined the relationships between crop yield and the sum of ASWP and total ISP for each crop (Fig. 8b) . The sum of ISP and ASWP explained 34 and 35% of the variation among corn and grain sorghum yields, respectively. The relationships also suggested that yield of grain sorghum was greater than corn when the sum of ASWP and ISP was less than 500 mm and corn yield was greater than grain sorghum when the sum was greater than 500 mm.
The significant correlation and relationships between ISP amount and corn and grain sorghum yields reported here (Fig. 8 ) are in agreement with previous findings (Assefa and Staggenborg, 2010; Assefa et al., 2012; Schlegel et al., 2016b Schlegel et al., , 2017 . The results are also in line with previous findings of Stone et al. (1996) and Assefa et al. (2014) who concluded grain sorghum yields are greater than corn yields with less than 500 mm of total water available for crop use and corn yields are greater than sorghum yields when total available water supply is above 500 mm.
CONCLUSION
Yield response to initial plant available soil water varied greatly with crop, location, and year. On average, corn yield increased from 35 to 45, and 4 to 14 kg ha -1 for each millimeter of increased plant available soil water at planting at Colby and Tribune, KS, respectively. Grain sorghum yield response to soil water at planting was highly variable and less than corn. At Colby, grain sorghum yield increased 3 to 18 kg ha -1 for each additional millimeter of plant ASWP but yield responses were not significant at Tribune. Corn and grain sorghum yield gain from additional available soil water at planting was greater when ISP amounts were in the lower range between 150 and 300 mm as compared with higher precipitation amounts (300-400 mm). This emphasizes the importance of appropriate crop management practices to increase ASWP when growing dryland summer crops in regions with insufficient in-season rainfall.
